The purpose of this study was to investigate the primary mode of action of Cistus ladaniferus essential oil active fractions on Staphylococcus aureus strain ATCC6538P (CIP 53.156). The mode of inhibition of the active fractions was assessed by determining the minimum inhibitory concentration (MIC). The effects of time on cell integrity were determined by time-kill, bacteriolysis and loss of 260 and 280-nm-absorbing material assays. Measurement of intra-and extracellular ATP was used to evaluate the energy remaining in the cells after treatment. A bacteriostatic and a bactericidal mode of inhibition were established respectively for acetate and alcohol fractions at their MIC. No intracellular material leakage and no lysis occurred after treatments with these fractions. In both cases, we observed a decrease of the ATP level within S. aureus cells whilst there was no proportional increase outside the cells. However, the effects induced by alcohols are more pronounced than those provoked by acetates. Indeed, marked structural changes were observed by transmission electron microscopy (TEM). The septal material of cells undergoing division became thicker and stained more lightly. The proportion of septa is also markedly increased and defective with respect to placement. These observations suggest a blocking in cell division, probably caused by the inhibition of ATPase or a disturbance in proton motrice force by the hydrophobic molecules viridiflorol and ledol, mainly present in alcohol fraction.
Introduction
Microbial pathogens are a major cause of a significant number of food-borne illnesses worldwide. Enterotoxinproducing Staphylococcus aureus is one of the most common food-borne diseases in many countries [1] . S. aureus colonization in humans can lead to local and systemic infections that range from minor skin infections to severe illnesses such as septicemia, toxic shock, endocarditis and pneumonia [2] . To face serious S. aureus infections, the search for new antibacterial agents has therefore become essential.
Since ancient times, plants have provided some of the most important therapeutic molecules to the traditional and folk medicine. Many drugs (i.e., aspirin, morphine, taxol…) derived from plant secondary metabolism have been applied for the treatment and/or prevention of various diseases. These secondary metabolites are concentrated in oil-bearing bags from which are extracted essential oils, which constitute an important resource of novel therapeutic compounds.
Essential oils are complex natural mixtures of volatile secondary metabolites, isolated from plants by steamor hydro-distillation and by cold expression. They consist of naturally occurring molecules showing various biological properties, including anti-oxidative, anti-tumoral, anti-inflammatory and antimicrobial properties. Essential oils are known to display activity against a wide range of bacteria, including antibiotic resistant species [3] .
Cistus ladaniferus (Cistaceae) is an odorous shrub, up to 2 m high, widespread all around the occidental Mediterranean Sea (Portugal, Spain, southern France, Italy, Algeria and Morocco). It exudes an oleoresin (labdanum) with an amber-like scent, appreciated in flavour and fragrance industries. The composition of the essential oil isolated from either the aerial parts (C. ladaniferus oil) or from oleoresin (labdanum oil) has been substantially investigated and the various reports on this topic have been reviewed by Lawrence [4] . C. ladaniferus essential oil is extremely complex, as illustrated by the work of Weyersthal et al. [5] , who identified 186 compounds in a labdanum oil sample from southern France.
In an ongoing project, which aims to identify new antibacterials from plants growing in Corsica, we already highlighted the effectiveness of various essential oils and their main components. Concerning C. ladaniferus essential oils, obtained from cultivated shrubs introduced from Spain, the chemical composition have been reported by Mariotti et al. [6] . The composition of oil samples isolated from individual plants varied substantially from sample to sample: α-pinene (2.1% -47.4%), camphene (0.6% -11.1%), trans-pinocarveol (4.4% -10.9%), viridiflorol (4.4% -22.6%), ledol (1.5% -6.7%). In a previous work [7] , done with the C. ladaniferus chemotype α-pinene (52.6%), viridiflorol (6.7%), camphene (4.9%), trans-pinocarveol (3.2%) and ledol (2.2%), we showed that the essential oil and its chromatographic fractions were able to inhibit the growth of several bacteria, including S. aureus. The aim of the present contribution was to go further into the effects generated by these products on S. aureus cells and to provide insights on their mechanism of action.
Material and Methods

Essential Oil and Fractions
C. ladaniferus essential oil was purchased from "Huiles Essentielles et Hydrolats de Corse" (Ajaccio, Corsica, France). The commercial oil was obtained by vapor distillation, with an industrial apparatus, from air-dried aerial parts of cultivated C. ladaniferus. The hydrocarbonated, oxygenated, acetate and alcohol fractions were chromatographically obtained and analyzed by GC-MS as described before [7] .
Bacterial Strains and Growth Conditions
The in vitro antibacterial activity of C. ladaniferus oil and its fractions was tested against the gram-positive Staphylococcus aureus ATCC6538P (CIP 53.156) strain. The strain was routinely grown at 37˚C on Mueller-Hinton 2 agar (MHA, Oxoid).
Disc Diffusion Assays
The agar diffusion method was used for the determination of antibacterial activities [8] 
Minimum Inhibitory Concentration Assays
The minimum inhibitory concentration (MIC) assays were performed by a rapid INT (p-iodonitrotétrazolium chloride, Sigma-Aldrich) colorimetric assay [7] . The tested products were serially twofold diluted in dimethylsulfoxide (DMSO, Sigma-Aldrich). The DMSO was previously tested for antibacterial activity and no detrimental effect on bacterial growth has been observed at the concentration used. The solutions obtained were then added (10 µL) to a 96-well microplate containing 200 µL of MHB inoculated with 10 6 CFU. The microplates were incubated at 37˚C for 18 h. The MICs of the samples were then detected following addition (50 µL) of INT (0.2 µg.mL −1 ). Viable bacteria reduced the yellow dye to pink. The MIC is defined as the lowest sample concentration that prevents this change and results in the complete inhibition of bacterial growth. All determinations were performed in triplicate and a negative control, consisting of MHB with DMSO (5%, v/v), was systematically included.
Time-Kill Studies
Time-kill procedures were performed according to the method described by Klepser et al. [9] and modified by Viljoen et al. [10] . Activities of the tested products used at their MIC were evaluated against S. aureus by measuring the reduction in the number of CFU per milliliter over 7 h. The tested products were serially twofold diluted in DMSO and added (10 μL) to a 96-well microplate containing 190 μL of MHB inoculated with 10 6 CFU. DMSO was added to both tests and control at a final concentration of 0.01% (v/v). The microplates were incubated with agitation at 37˚C and samples (100 μL), taken in duplicate every hour, were serially 10-fold diluted, plated onto MHA and the total viable counts were determined after overnight incubation at 37˚C. The limit of quantification by this method is 10 2 CFU.
Bacteriolysis
The bacteriolysis assays were carried out according to the standard method described by Carson et al. [11] . A bacterial suspension was prepared by inoculating two colonies of S. aureus from overnight cultures on MHA into 400 ml of MHB, which was incubated at 37˚C for 18 h with shaking. After incubation, the bacteria were separated from the growth medium by centrifugation at 10,000 g for 12 min at 4˚C, washed twice with phosphate-buffered saline (PBS, pH 7.4), and resuspended in PBS supplemented with 0.01% Tween 80 (PBS-T, v/v). The bacterial suspension was adjusted so that the optical density at 620 nm (OD 620 ) of a 1 in 100 dilution was 0.310 (∼3 × 10 10 CFU•mL −1 ). The tested products were added to the bacterial suspension at concentrations equivalent to the MIC. PBS-T was added to the control suspension. The suspensions obtained were mixed for 20 s with a Vortex mixer. Samples (100 μL) were taken in duplicate every hour from 0 h to 7 h, serially 10-fold diluted, and the OD 620 was measured immediately (Jasco UVisco UV-1200 spectrophomtometer). Each test was performed on three independent experiments. The results were expressed as a ratio (in percent) of the OD 620 at each time point versus the OD 620 at 0 min.
Loss of Cytoplasmic Material
The measurement of the release of 260-nm and 280-nm absorbing materials from S. aureus cells was carried out in aliquots of 2 mL of the bacterial inocula in sterile peptone water (0.1 g/100 mL) added to the tested products at their MIC at 37˚C. At 0, 30, 60, 90 and 120 min time intervals of treatment, cells were centrifuged at 1465 g and the absorbance of the obtained supernatant was measured at 260 and 280 nm using a spectrophotometer (Jasco UVisco UV-1200). Control flasks without fraction were tested similarly or in presence of cetyl trimethyl ammonium bromide (CTAB) to allow the measurement of total cytoplasmic material (260 or 280 nm) in these conditions. Each test was performed on three independent experiments. The results were expressed as a ratio (in percent) of the OD 260 or OD 280 at each time point versus the OD 260 or OD 280 of CTAB control experiment.
Transmission Electron Microscopy (TEM)
A suspension of S. aureus in exponential phase of growth was prepared by inoculating then incubating 80 mL of MHB at 37˚C for 24 h with shaking. The bacterial suspension was adjusted so that the optical density at 620 nm (OD 620 ) of a 1 in 100 dilution in MHB was 0.200 (10 7 CFU•mL −1 ). S. aureus cells were treated with the MIC of each product for 1 h. Control stood for 1 h in MHB-Tween 80 (0.1%, v/v). After centrifugation at 1077 g for 10 min, the pellets were first fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) for 1 h at room temperature and then post-fixed in 2% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2) for 1 h at room temperature. The postfixed microbial pellets were processed in graded ethyl alcohol, propylene oxide, Spurr resin and cured for 24 h at 45˚C. Ultrathin sections were stained with uranyl acetate followed by lead citrate and then examined with a transmission electron microscope (HITACHI H-7650) at an accelerating voltage of 80 kV.
Measurement of Intra-and Extra-Cellular Adenosine 5'-Triphosphate (ATP) Concentrations
To determine the efficiency of the tested products on membrane integrity, the intra-and extracellular ATP concentrations were measured as described by Gill and Holley [12] . The overnight cultures of S. aureus were centrifuged for 20 min at 4,000 g and the supernatants were removed. The cell pellets were washed three times with 20 mM of phosphate potassium buffer (PPB, pH 7.0) and then cells were collected by centrifugation under the same conditions. A cell suspension (10 7 CFU•mL
) was prepared with PPB (20 mM; pH 7.0) and glucose (50 mM). Then, controls (30 mM of carbonyl cyanide-m-chlorophenylhydrazone (CCCP) or polymyxine B (PMB) and DMSO) or each product used at their MIC were added to the cell solution. Samples were maintained at room temperature for 1 or 20 min and incubated in ice immediately to prevent ATP loss until measurement. The ATP concentration was immediately determined using a fluorimeter (Jasco UVisco) after the addition of 100 μL of luciferin-luciferase reagent (Sigma-Aldrich) to 30 μL of sample in 40 µL of PPB (extracellular ATP) or PPB-CTAB (0.15%) (intracellular ATP). Each test was performed on three independent experiments. The results were expressed as a ratio (in percent) of the relative fluorescence unit (RFU) at each time point versus the RFU of DMSO control experiment.
Statistical analyses were performed using R statistical software (www.R-project.org). Multiple mean comparisons were performed with the Kruskal-Wallis test at the 95% confidence level.
Results
Susceptibility Tests of C. ladaniferus Essential Oil Fractions on S. aureus Strain
The inhibition zones and the MICs determined for C. ladaniferus essential oil and its fractions are presented in Table 1 ) and alcohol (50.00 mm, 1.50 g•L −1 ) compounds. Thus, we focused on these active fractions for the next experiments.
Time-Kill Studies of the Active Fractions on S. aureus Strain
The 7-h time-kill curves are shown in Figure 1 . We can observed a detailed progression of the bacteriostatic activity of acetate fraction and bactericidal activity of oxygenated and alcohol fractions, used at a concentration equivalent to their MIC. The bactericidal end-point (99.9% or ≥ 3 log 10 of inhibition) is obtained in 7 h for oxygenated fraction and in less than one hour for alcohol fraction.
Cell Integrity Studies
S. aureus cells untreated by active fractions correspond to the negative control of bacteriolysis. The absorbance at 620 nm of negative control does not vary significantly until 120 minutes. Bacteriolysis assays (Figure 2) show the cell integrity after a two hours treatment of oxygenated, acetate or alcohol fraction used at the MIC. We can notice no or a very slight reduction of the bacterial cells percentage (around 100% of the original) throughout the experiment.
Loss of Cytoplasmic Material
In order to confirm the absence of cell lysis, loss of cytoplasmic material experiments are performed with the active fractions during the same period. Table 2 indicates the percentage of 260-nm and 280-nm absorbing cytoplasmic material released in the extracellular medium. As expected for the cells control, no leakage occurs after 2 hours of treatment. In the same way, percentages observed for S. aureus cells in presence of oxygenated, acetate or alcohol fraction are weak (less than 1%) during the entire experiment at 260 nm and 280 nm.
Measurement of Intra-and Extra-Cellular Adenosine 5'-Triphosphate (ATP) Concentration
The effect of active fractions on extra-and intracellular ATP concentrations of S. aureus cells is presented in Figure 3 . The quantity of intracellular ATP significantly (p < 0.05) decreases when compared to the DMSO control cells in presence of CCCP after 1 minute (78%) or 20 minutes (93.5%) of treatment. The percentage of intracellular ATP of cells treated for 1 minute with oxygenated, acetate or alcohol fraction is respectively 12%, 48% or 20%. In the same way, a 20 minutes treatment with the oxygenated, acetate or alcohol fraction leads respectively to a percentage of intracellular ATP in cells of 0%, 49% or 0%. As expected, the percentage of ATP released in the extracellular medium range from 0% to 4% after a 1 or 20 minutes treatment with DMSO or CCCP. In the assay with oxygenated, acetate or alcohol fraction, quite the same scale of values is observed.
Transmission Electron Microscopy
TEM was used to characterize the effects of acetate and alcohol fractions on S. aureus cells ultrastructure. Mi- crographies of untreated cells (control) and cells treated with the two fractions used at their MIC are presented in Figure 4 . The cell wall and the plasmic membrane of S. aureus control cells are regular. The cytoplasmic contents are homogeneous (Figure 4(a) and Figure 4(b) ). The cellular division is also visible in Figure 4(a) , where the septum is being formed. Control cells and cells exposed to the acetate fraction present a similar ultrastructural aspect (data not shown). On the other hand, the septum of S. aureus cells treated with the alcohol fraction appears thicker and brighter (Figure 4(c) ). In addition, the amount of septa is more important in the treated cells (Figure 4(d) ) compared to control cells (Figure 4(b) ). Some of S. aureus cells exposed to the alcohol fraction treatment also exhibit defects in septal positioning (Figure 4(d) , white arrows).
Discussion
In a previous work [7] , we have shown that the composition of C. ladaniferus essential oil is largely dominated by α-pinene, an hydrocarbonated compound known to exert no or weak activity against several bacterial strains [13] . Actually, hydrocarbonated compounds are generally described as ineffective to inhibit bacterial growth [14] . The lack of α-pinene activity could thus explain the inefficiency of the hydrocarbonated fraction of C. ladaniferus essential oil. So, the involvement of oxygenated compounds in the antibacterial effects should be considered. Indeed, the oxygenated fraction and, more precisely its acetate or alcohol contents, reduce the viability of S. aureus cells at their MIC. The acetate fraction exhibits a bacteriostatic effect on the bacterial growth. In fact, no cell lysis or drastic cell wall damage seems to occur during the treatment with this fraction since no
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intracellular material is released in the extracellular medium. However, a 50% reduction of intracellular ATP, which is stable in time, is observed which could be related to the bacteriostatic effect obtained on S. aureus strain. Acetate compounds seem to interfere with ATP synthesis by disturbing the ATPase efficiency or the proton motrice force. Thus, no drastic change in bacterial ultrastructure is observed by MET but the decrease of ATP quantity in the intracellular medium prevents the cellular division and therefore the exponential growth of cells. Such a mode of action of acetate compounds has never been described in literature to our knowledge even if antibacterial, antifungal and phytotoxic activities [15] [16] of bornyl acetate, the major constituent of this fraction, have been reported. The alcohol fraction exerts a quick and intense bactericidal activity. According to the literature, alcohols are described as the most active compounds of essential oils [14] and are known to exert bactericidal rather than bacteriostatic effect [17] . Cell death induced by alcohol fraction does not seem to be caused by a lytic effect. This is also supported by our electron micrographies on which S. aureus cells remain intact. However, after 1 h of treatment the septal material of cells undergoing division became thicker and more lightly stained, suggesting decreased levels of electron dense cell wall. The proportion of septa is also markedly increased in the treated cells compared to control cells and defective with respect to placement. These observations suggest a blocking in cell division. Campbell et al. [18] reported similar effects for S. aureus cells treated with targocil, an antibiotic that induces cell wall stress by inhibiting a late step in wall teichoic acid synthesis. Blocking of this biosynthetic pathway is lethal for bacterial cells and this could explain the rapid bactericidal effect induced by alcohol fraction in 1 h of treatment. On the other hand, according to Brown et al. [19] and Swoboda et al. [20] , the biosynthesis of teichoic acid is an energy-dependant process. Thus, the total vanishing of ATP in the treated cells intracellular medium could be responsible of the disturbance in cell wall formation during division. Ultee et al. [21] have previously demonstrated that the level of ATP within Bacillus cereus cell treated with carvacrol, a naturally compound mainly present in thyme and oregano essential oils, decreased whilst there was no proportional increase outside the cell. Indeed, carvacrol significantly depleted the intracellular ATP pool to values close to 0 within 7 minutes. The authors therefore presumed that the rate of ATP synthesis was reduced or that the rate of ATP hydrolysis was increased. Furthermore, Gill and Holley [22] highlighted the inhibitory effect of carvacrol, eugenol and cinnamaldehyde on the membrane bound ATPase activity of Escherichia coli and Listeria monocytogenes.
The effects induced by these compounds appear to be related to their mode of action and specifically their integration in the bacterial cell membrane. Indeed, an important characteristic of essential oils and their components is their hydrophobicity, which enables them to partition into the bacterial lipidic bilayer. Such small hydrophobic molecules can thus provoke non-specific inhibition of membrane bound or embedded proteins, such as the F1F0 ATPase, which is involved in ATP generation and cellular pH regulation, or enzymes that are involved in the energy regulation process [23] - [25] . Also, changes in protein conformation as a consequence of hydrophobic interactions impair cell survival. The major constituents of the alcohol fraction are the stereoisomers viridiflorol and ledol. The hydrocarbon skeleton of these molecules is formed by the association of C3, C5 and C7 rings, which represent an important hydrophobic moiety. So, the chemical structure of these two main components may explain the whole effects observed on bacterial cells after treatment with alcohol fraction. Comparatively, the hydrophobic character of bornyl acetate, the major constituent of the acetate fraction, is less pronounced because of the presence of only C3 and C6 rings. This may also give reasons for the antibacterial activity described for the acetate fraction, which is expressed at a lesser extent relative to the alcohol fraction. Thereby, alcohols induce a bactericidal effect toward S. aureus cells while acetates exert a bacteriostatic action. So, when alcohols and acetates are combined within the oxygenated fraction, it is not surprising to obtain an additive effect rather than a synergism.
Conclusion
In conclusion, this work illustrates the rapid and intense antistaphylococcal efficiency of the alcohol fraction of C. ladaniferus essential oil. For this reason, an in-depth study is required to fully understand the way by which viridiflorol and ledol interact with the bacterial membrane and the consequences they bring out at the cellular level. To determine their hydrophobic interactions with membrane bound ATPase, it would be informative to study their effects upon the kinetics of purified enzymes.
